Abstract: Little research has been conducted on the influence of land application of stockpiled feedlot manure (SM) containing either wood-chip (WD) or straw (ST) bedding on soil net N mineralization (Nm) and nitrification (Nn) rates during the barley (Hordeum vulgare L.) silage growing season. The stockpiled manure containing ST or WD bedding at 77 Mg (dry weight) ha −1 yr −1 was annually applied for 13-16 yr to a clay loam soil in a field experiment in southern Alberta. The net Nm and Nn rates were measured using the "in situ-soil core" method over 30-33 d (Nm1, Nn1) and 46-50 d (Nm2, Nn2) in each of 4 yr (2011)(2012)(2013)(2014). Net Nm1 rates were generally significantly (P ≤ 0.05) greater for ST (1.0-1.9 mg N kg
Introduction
Barley straw is the main bedding material used by feedlots in the Canadian prairies because it is easily available from nearby cropland where feed barley is grown. However, the use of wood-chips has increased in Alberta because of restrictions on incineration of wood residuals in the mid-1990s (McAllister et al. 1998; Larney et al. 2008) . Considerable research has been conducted on the influence of organic amendments on soil N mineralization and nitrification (Laanbroek and Gerards 1991; Eghball et al. 2002; Cabrera et al. 2005) . However, the effect of a shift from straw (ST) to wood-chip (WD) bedding and subsequent long-term land application of fresh, stockpiled, or composted feedlot manure containing these two bedding materials on N mineralization and nitrification rates in the field is unknown. These two N processes are critical to ensuring optimum crop growth and maximizing crop N uptake and protein content (Havlin et al. 1999) .
Greater soil N mineralization rates are generally preferred to increase the absolute concentration of inorganic or mineral N (NH 4 , NO 3 ) in soil and maximize crop growth (Havlin et al. 1999) . Mineralization rates are controlled by the organic composition of residues (e.g., total organic C and N, C:N ratio, specific organic compounds, lignin content, and pH), soil temperature (optimum N mineralization at 25-35°C), soil moisture (maximum N mineralization at 50%-70% water-filled pore space), drying and rewetting events, and soil characteristics (Havlin et al. 1999; Cabrera et al. 2005) . Although greater soil nitrification rates are desirable to increase NO 3 supply for crop growth, this process may have a negative effect on the environment by increasing N losses via leaching and denitrification (ButterbachBahl and Gundersen 2011) . The main factors affecting soil nitrification rates are NH 4 supply, populations of nitrifying organisms, soil pH, soil aeration, soil moisture, and temperature (Havlin et al. 1999; Sahrawat 2008) . The single most important factor regulating nitrification in the majority of soils is soil NH 4 supply (Paul 2007) .
Wood-chips generally degrade much more slowly than straw because of their higher C:N ratio, greater lignin content, and larger particle sizes of wood-chips and bark peelings (Saliling et al. 2007; Larney et al. 2008) . Stockpiled manure with WD bedding generally has greater total C and a higher C:N ratio, and lower pH, NO 3 -N, NH 4 -N, and total N compared with ST bedding (Miller et al. 2009 ). The higher C:N ratio of stockpiled manure with wood-chips (22:1) compared with ST (15:1) bedding (Miller et al. 2009 ) may also immobilize mineral N (NH 4 or NO 3 ) in soils amended with manure with WD bedding (Sommerfeldt and MacKay 1987) .
Few studies have compared N mineralization rates in soils amended with cattle manure containing WD versus ST bedding (Gagnon and Simard 1999; Helgason et al. 2007; Miller et al. 2010 Miller et al. , 2012 Sharifi et al. 2014 ), and we are unaware of any studies on soil nitrification rates. Gagnon and Simard (1999) reported that dairy manure compost had negative N release values for straw (−10.3%) and straw-wood or wood (−15.8%) bedding. Helgason et al. (2007) found that the percentage of organic N mineralized from soils amended with stockpiled and composted cattle manure ranged from 0% to 10.2% for straw, and 0% to 3.7% for wood. Miller et al. (2010) reported inconsistent trends in soil mineralization rates for ST and WD bedding with stockpiled or composted manure after 9 yr. Miller et al. (2012) found that soil N mineralization rates for stockpiled and composted feedlot manure ranged from 50 to 160 μg N g −1 soil for ST and from −150 to 160 μg g −1 for WD bedding. Sharifi et al. (2014) used the potentially mineralizable N method in the laboratory and reported that the N mineralizable pool (Pool II) was 17% greater and mineralizable rate constant was 54% greater for soils amended with ST than WD bedding after 8 yr. All these net N mineralization studies were conducted using laboratory incubations or bioassays in the greenhouse on disturbed soil. Little research has quantified net soil mineralization and nitrification rates in the field and during the growing season on undisturbed soils amended with manure containing ST or WD bedding. Field methods allow N processes to be measured in undisturbed soil under more natural soil moisture and temperature conditions than laboratory incubations (Drury et al. 2008 ).
Soil nitrification rates have been extensively measured in manured soils (Laanbroek and Gerards 1991; Nugroho and Kuwatsuka 1992; Paul et al. 1993; Shi et al. 2004; Calderón et al. 2005; Habteselassie et al. 2006; Khalili and Nourbakhsh 2012) . Most studies have generally reported greater nitrification rates for amended than unamended or inorganic fertilized soils. Enhanced nitrification rates in amended soils has generally been attributed to high or excess soil NH 4 supply caused by the amendment (Laanbroek and Gerards 1991) . However, we are unaware of any studies that have compared nitrification in soils amended with stockpiled feedlot manure containing ST versus WD bedding. A 44-fold greater NH 4 -N content for ST than WD bedding (Miller et al. 2003) suggests that the nitrification rate may be greater for ST. Soil nitrification occurs over a wide pH range (4.5-10) and is optimum at pH 8.5 (Havlin et al. 1999) . Therefore, the higher pH of ST (6.5) than WD (4.5) bedding (Miller et al. 2003) suggests that soil nitrification rates may be greater for straw.
The objective of our study was to determine the influence of stockpiled feedlot manure with ST or WD bedding on soil net N mineralization and nitrification rates measured in the field during the growing season for irrigated barley grown for silage on Chernozemic soils in southern Alberta. A secondary objective was to determine if the soil with these two treatments supplied adequate soil N for optimum growth of irrigated barley silage by mineralization and nitrification, and whether supplemental inorganic N fertilizer might be required.
Materials and Methods

Study design
The field experiment was started in the fall of 1998 on a Dark Brown Chernozemic soil (clay loam) at the Agriculture and Agri-Food Research Centre at Lethbridge, AB (latitude 49′38°N, longitude 112′48°W). This study was conducted over 4 yr (2011-2014, inclusive) and used 3 of the 14 treatments previously described by Miller et al. (2004) . The four study years were after 13 (2011) to 16 (2014) annual applications of feedlot amendments. The treatments for N mineralization and nitrification component were 77 Mg ha −1 yr −1 (dry weight) rate of stockpiled feedlot manure (SM) with either ST or WD bedding, and an unamended control (CON). No inorganic nitrogen fertilizer was applied with the organic amendments, so all the plant uptake of N was from the amendments and N already in the soil. The treatments used were replicated four times. Individual plots were 6 m × 25 m in size. The application rate of 77 Mg ha
was consistent with actual rates used by commercial feedlots in southern Alberta. Our rate was lower than the highest application rate (180 Mg ha
) used at an adjacent long-term (since 1973) manured experiment (Chang et al. 1991) , but was greater than application rates based on N or P used for irrigated cereal silage plots in southern Alberta (Olson et al. 2010) .
The stockpiled (SM) feedlot manure was stored in piles for up to 2 mo prior to land application, and some previous studies on this experiment have referred to the SM as fresh manure. The ST bedding was unchopped barley straw. The wood chips were a 4:1 softwood mixture of lodgepole pine (Pinus contorta var. latifolia Engelm.) and white spruce [Picea glauca (Moenich)Voss]. The manure: bedding ratio was a 4:1 for the SM with ST or WD (Larney et al. 2008) . The manure amendments were applied in the fall (late October to late November) of each year since 1998 using a box-style manure spreader with horizontal beaters. The amendments were then incorporated to a depth of approximately 20 cm using an offset-disc cultivator. The experimental plots were cropped to barley (Hordeum vulgare) cultivars 'Duke' from 1999 to 2004, 'Kasota' from 2005 to 2010, and 'Vivar' from 2011 to 2014. The crop was irrigated with a side-roll system to satisfy water use requirements of barley grown for silage.
Crop dry matter (DM) yields for barley silage were determined for ST, WD, and CON treatments in mid-to late-August of each year (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) by using a silage harvester to sample whole-plant material, and then ovendrying a subsample at 60°C for 7 d. Plant samples were fine-ground (<150 mm) in a Cyclone plant tissue grinder (Udy Corp., Fort Collins, CO, USA). Total N content of the crop was determined using the Dumas automated combustion technique (McGill and Fiqueiredo 1993) and a CNS analyzer (Carla Erba, Milan, Italy).
Daily net nitrogen mineralization and nitrification rate measurements
Net N mineralization (Nm) and net nitrification (Nn) rates were determined in the field over the growing season (May-August) of 4 yr (2011) (2012) (2013) (2014) with the modified "in situ-soil core" method using intact soil cores in PVC cylinders (Drury et al. 2008) . The incubations were initiated about 8 mo after manure application of the previous fall. Although this method measures net Nn rates by the accumulation of NO 3 -N in soil cores, we slightly modified it to also measure net Nm rates by measuring the accumulation of mineral N (NH 4 -N + NO 3 -N). This modification is also the same method recommended for measuring net Nm rates in closed-top, solid cylinders (Hart et al. 1994) .
The in situ Nn method does not recommend spiking the soil cores with (NH 4 ) 2 SO 4 as in the laboratory incubation method and for measuring potential Nn rates (Hart et al. 1994; Drury et al. 2008) . In addition, the manured soil had a high N status, and spiking with NH 4 would have compromised our measurements of Nm. It is possible though that limited NH 4 supply in the field soil may still affect the Nn rate. Kinetic Nn rates in Michaelis-Menten model assume a positive linear relationship between NH 4 supply and Nn rates when NH 4 is limiting (Hart et al. 1994) .
The PVC cores (nonperforated) were 39.5 cm in length and 8.0 cm inside diameter. The empty PVC cores were inserted into the soil using a slide-hammer to extract an intact soil core from the 0 to 15 cm depth. After the soil core was extracted, the bottom of the soil core was then covered with porous nylon mesh screen (53 μm) to allow exchange of water and air. The soil core was then reinserted into the hole with the top of the core protruding about 20-25 cm aboveground, which prevented surface water from entering the core, and allowed sufficient protrusion for the core to be inserted and removed with the hydraulics of the drill-truck. A plastic cap with perforated sidewalls (four 2 mm holes) was installed on the top of the core during incubation to keep out rainfall and irrigation, but to allow gas exchange. No plants (barley or weeds) were present in the soil cores during the incubations.
The cores were installed for two incubation periods: 30-33 d (Nm1, Nn1) and 46-50 d (Nm2, Nn2) to measure shorter and longer term Nm and Nn during the growing season. A 28 d incubation is recommended for measuring soil nitrification (Drury et al. 2008) . The longer incubation period of 46-50 d was consistent with other studies that measured net mineralization or nitrification for 70 d (Shi et al. 2004 ) and 90 d (Gagnon and Simard 1999) .
Triplicate soil cores were installed between crop rows at two locations within each treatment plot, for a total of six soil cores per plot. At each sampling location, one core was for Day 0, one core for Nm1 and Nn1, and one core for Nm2 and Nn2; the three cores were about 25 cm apart. The incubation periods in 2011 were 22 June to 25 July for N1 (30-33 d) and 22 June to 11 Sept. for N2 (46-50 d). The incubation periods in 2012 were 19-22 June to 20-23 July for N1 and 19-22 June to 4-11 Sept. for N2. The incubation periods in 2013 were 24 June to 25 July for N1 and 24 June to 13 Sept. for N2.
The incubation periods in 2014 were 24 June to 24 July for N1 and 24 June to 14 Sept. for N2. Over the 4 yr, the incubation periods ranged from 19 June to 25 July for N1 and from 19 June to 14 Sept. for N2. The short-term incubation (Nm1, Nn1) generally included stem extension and heading stages of crop growth, whereas the long-term incubation (Nm2, Nn2) included these two stages and the ripening stage. Plants take up N from the time their roots begin to function until all uptake of nutrients ceases with maturity but the largest amounts are taken up during early stages of growth (Alberta Agriculture and Forestry 2001) .
Mineral N (NH 4 -N + NO 3 -N) in the soil cores was measured on Day 0 and then at the end of the two incubation periods. A 10 g subsample was collected from each soil core, mixed with 50 mL KCl (2 mol L −1 ), shaken at low speed for 1 h, and then filtered through Whatman No. 40 filter paper. Ammonium-N was measured using the Berthelot reaction with salicylate on a Technicon® autoanalyzer (Rhine et al. 1998) . Nitrate-N was measured on the autoanalyzer using the hydrazine reduction method (Kempers and Luft 1988) . The net increases in mineral N (NO 3 -N + NH 4 -N) and NO 3 -N during the short-term (Nm1, Nn1) and long-term (Nm2, Nn2) incubations give an estimate of net mineralizable N (Nm) and nitrification (Nn), respectively. The net Nm and Nn values were normalized and expressed as daily rates (mg N kg The bulk density of soil in the cores was determined after incubation by weighing the soil and cores at the field moist condition, taking a subsample for soil moisture content at that condition, and calculating the bulk density for oven-dry condition (Hao et al. 2008) . Total soil porosity was calculated using bulk density values, assuming a mean particle density of 2.65 Mg m −3 .
Water-filled porosity was calculated as the quotient of volumetric water content divided by total porosity. The pH of soil was determined by preparing a 1:2 (5 g:10 mL) soil:water mixture, shaking for 1 h, and then the pH was measured on a soil slurry using a pH meter. Dry matter (DM) yields of aboveground crop were determined in mid-to late-August of each year (2011) (2012) (2013) (2014) by using a silage harvester to sample whole-plant material, and then oven-drying a subsample at 60°C for 7 d. Plant tissue samples were fine-ground (<150 mm) in a Cyclone plant tissue grinder (Udy Corp., Fort Collins, CO, USA) and then analyzed for total N content using the Dumas automated combustion technique (McGill and Fiqueiredo 1993) and a CNS analyzer (Carla Erba, Milan, Italy). Total aboveground crop N uptake was calculated as the product of DM yield and total N concentration of plant. Precipitation data for 2011 to 2014 and long-term means were obtained from AAFC for the Lethbridge Research and Development Centre.
Statistical analysis
A MIXED model analysis (Littell et al. 1998; SAS Institute 2005) was conducted by year on net N mineralization (Nm1, Nm2) and net nitrification rates (Nn1, Nn2) for each of the 4 yr of this study. Treatment was the fixed effect in the model, and replicate was a random effect. The UNIVARIATE procedure with normal plot option was used to test the normality of the sample and if a logarithmic transformation was needed. Main treatment and interaction effects were evaluated using least squares means (LSM). A probability level of P ≤ 0.05 was considered significant for F statistic values and LSM comparisons. A protected least-significant difference (LSD) test was used to compare LSM values.
Results
Precipitation and irrigation
Total precipitation from 1 June to 30 Sept. when Nm and Nn incubations were conducted was lower-thannormal in 2011 and 2012, and higher-than-normal in 2013 and 2014 (data not shown). Irrigation amounts applied were greatest in 2014 (191 mm), followed by 2011 (172 mm), 2012 (114 mm), and then 2013 (76.2 mm). The total amount of precipitation and irrigation water applied was greatest in 2014 (514 mm), followed by 2013 (374 mm), 2011 (361 mm), and then 2012 (283 mm). incubation periods in all years except for the 30-33 d period in 2012, and it was also greater for amended than CON (Figs. 1a, 1b) . Water-filled porosity ranged from 50% to 70% for ST and from 72% to 82% for WD for the shortterm incubation (data not shown). It ranged from 54% to 72% for ST and from 63% to 88% for WD for the longterm incubation. Mean pH was significantly greater for ST (7.61-8.12) than WD (7.37-7.95) for both incubation periods except for the 46-50 d incubation period in 2013, and no consistent trend was found for amended versus CON treatment (Figs. 1c, 1d ). Mean NH 4 -N concentration was similar or greater for WD (2.1-9.7 mg kg −1 ) than ST (1.4-7.2 mg kg −1 ), and it was generally greater for amended than CON treatment (Figs. 2a, 2b (Fig. 4b) . Mean Nm1 and Nm2 rates were significantly greater for ST than WD for three of the four study years (i.e., 2011 , 2013 for Nm1 and 2011 . In addition, ST was significantly greater than the CON for Nm1 and Nm2 in all years, whereas WD was only significantly greater than the CON in 2011 for Nm1 and in 2011 and 2012 for Nm2. The percentage of total organic N in the soil that was mineralized for the short-term (30-33 d) incubation over the 4 yr ranged from −0.1% to 3.1% with a mean of 0.6%. The percentage of total organic N in the soil that was mineralized for the long-term (46-50 d) incubation over the 4 yr ranged from 0.01% to 5.6% with a mean of 1.4%.
Daily net nitrification rates
Mean daily net Nn1 rates ranged from 0.9 to 2.0 mg N kg −1 d −1 for ST and from 0.03 to 0.9 mg N kg −1 d −1 for WD (Fig. 4c ). Mean Nn2 rates ranged from 1.0 to 2.1 mg N kg −1 d −1 for ST and from 0.5 to 1.0 mg N kg (Fig. 4d ). Mean Nn1 rates were significantly greater for ST than WD for three (2011, 2013, and 2014) of four study years. Mean Nn1 values were significantly greater for ST than CON in all 4 yr, but no significant differences were found between WD and CON treatments. Mean Nn2 rates were significantly greater for ST than WD treatments in three (2011, 2012, and 2014 ) of 4 yr. Mean Nn2 values were significantly greater for ST than CON in all 4 yr. The ratio of mean Nm1:Nn1 rates ranged from 0.92 to 1.06 for ST, 0.54 to 2.42 for WD, and 0.17 to 0.91 for CON (Fig. 4a, 4c ). The Nm2:Nn2 ratio ranged from 0.96 to 1.01 for ST, 0.90 to 1.06 for WD, and 0.06 to 1.00 for the CON (Fig. 4b, 4d ). The Nm1:Nn1 ratios were ≤1 for all 4 yr with ST and the CON, and for 3 of 4 yr with the WD treatment. The Nm2:Nn2 ratios were ≤1 for all 4 yr with all three treatments. Mean DM yields were similar for ST and WD in three of the four study years, and were greater for ST than WD in 2013 (Table 1 ). The DM yields for ST were consistently greater than the CON, whereas WD was only greater than the CON in 2011 and 2014. Mean N uptake by the crop was similar for ST and WD in 2011 and 2014, and greater for ST than WD in 2012 and 2013 (Table 1) 
Discussion
Net daily Nm1 and Nm2 rates were 2-to 10-fold greater with ST than WD, indicating considerably greater N mineralization for more decomposable ST. This finding was generally consistent with some previous laboratory incubation studies (Gagnon and Simard 1999; Miller et al. 2012; Sharifi et al. 2014 ), but not for others (Helgason et al. 2007; Miller et al. 2010) . Inconsistent findings may be related to the mineralization method used, type and source of manure and bedding, soil type, and environmental conditions. Greater Nm for ST than WD over the 30-51 d incubation in our study was most likely ST 10.0 ± 0.5b 9.6 ± 0.3ab 10.3 ± 0.3a 11.3 ± 0.2a 185 ± 9.7ab 202 ± 5.4a 191 ± 8.5a 198 ± 0.4a WD 9.0 ± 0.3b 8.4 ± 0.2bc 7.7 ± 0.5bc 11.6 ± 0.4a 155 ± 3.3b 145 ± 4.1b 110 ± 16.4bc 178 ± 7.7ab CON 5.1 ± 1.3c 7.8 ± 0.5c 6.1 ± 1.1c 9.0 ± 0.6b 81.2 ± 20.0b 118 ± 8.6b 82.0 ± 14.6c 121 ± 13.9c
Note: Data are the mean ± standard error. Within a column, means that are followed by a different lowercase letter are significantly different at the P < 0.05 level. ST, straw; WD, wood-chips; CON, unamended control.
caused by a greater quantity of N in the more readily available (<14 d) and intermediate (14-308 d) mineralizable N pools, as well as the greater rate of N turnover (k value or rate coefficient) that was found for ST than WD after 8 yr (Sharifi et al. 2014 ). In addition, significantly greater water-soluble total N and lower C:N ratios in ST-than WD-amended soils after 13-14 yr ) may have also contributed to greater Nm. Previous research has shown that Nm rates may be increased by greater water-soluble total N (Qafoku et al. 2001; Morvan and Nicolardot 2009; Khalili and Nourbakhsh 2012 ) and lower C:N ratios (Eghball et al. 2002; Qian and Schoenau 2002; Cabrera et al. 2005 ). The manure amendments were applied based on dry weight and not total N basis. However, it is unlikely that the greater soil Nm for ST than WD was caused by differences in total N of amendments as mean total N was very similar for stockpiled manure with ST (16.4 g kg −1 ) and WD (15.8 g kg −1 ) treatments (Miller et al. 2009 ). The greater Nm rates for ST than WD were likely not caused by a greater supply of organic N. The total N concentration of the surface (0-15 cm) soil in 2011 and 2012 after 13-14 annual applications was similar for ST and WD with stockpiled manure . Lower lignin content of straw than wood (Epstein 1997 ) may have also contributed to greater Nm for ST than WD. Over the long term, lignin and its breakdown products can condense with organic N to form highly stable organic N, thereby reducing net N mineralization (Myrold and Bottomley 2008) . A slightly lower alkyl-C content of ST-than WD-amended soil (Miller et al. 2017) could have also contributed to greater Nm for ST. Rowell et al. (2001) reported that net N mineralized from four biosolids was more strongly correlated to alkyl-C content (r = 0.86) than C:N ratio (r = −0.75). We speculate that significantly greater soil water repellency for WD than ST (Miller et al. 2017 ) may have also contributed to lower Nm for WD. Microbial mineralization of soil organic matter is reduced with greater quantities of hydrophobic humic compounds (Spaccini et al. 2002) .
If soil water content was influencing Nm, the Nm values should have been greater in treatments with greater water content. However, the reverse trend occurred with greater Nm values in ST associated with lower soil water contents and water-filled porosity. Nitrogen mineralization generally increases with water-filled pore space up to about 60%, and then decreases thereafter (Havlin et al. 1999) . For both incubations, the water-filled pore space ranged from 50% to 72% for ST and from 63% to 88% for WD. Therefore, the soil moisture conditions may have been more aerobic for ST and more anaerobic for WD, which may have contributed to greater Nm for ST. It is unlikely that soil temperature caused greater Nm for ST than WD as there were no bedding effects on soil thermal properties in 2015 (J. Miller, unpublished) . Soil pH also likely had no influence even though it was significantly greater for ST than WD because the relative differences were relatively small. No relationship was found between N mineralization and soil pH for 61 soils in Saskatchewan where the soil pH ranged between 5.1 and 7.9 (Curtin et al. 1998) .
There was no evidence of negative values (i.e., net immobilization) for net N mineralization for any of the three treatments in the 4 yr of this study, and this was consistent with soil C:N ratios <15. The one exception was in 2013 where the net Nm1 rate was slightly negative (−0.1 mg N kg −1 d −1 ) for the CON. These findings were consistent with other laboratory incubation studies on these same plots (Miller et al. 2010; Sharifi et al. 2014) as well as other studies in southern Alberta (Helgason et al. 2007 ). Studies elsewhere on manured soils have reported mineralization (Eghball 2000; Whalen et al. 2001; Eghball et al. 2002; Shi et al. 2004; Khalili and Nourbakhsh 2012) , immobilization (Gagnon and Simard 1999) , or both mineralization and immobilization (Qian and Schoenau 2002; Calderón et al. 2004 Calderón et al. , 2005 Mallory and Griffin 2007; Morvan and Nicolardot 2009; Masunga et al. 2016 ). Contrasting findings may have been due to differences in the methods used, soil properties, environmental conditions (e.g., soil moisture and soil temperature), and manure properties. The percentage of total organic N in the soil that was mineralized for the three treatments over the 4 yr was highest for ST (0.7%-3.1%), followed by WD and the CON (0%-0.3%). The relative values for Nm2 were also highest for ST (0.9%-5.6%), followed by WD (0.3%-2.1%), and then the CON (0%-0.5%). Our percentage values were consistent with a previous study that reported values of about 3% for soils amended with ST or WD in stockpiled manure after nine applications (Miller et al. 2010) .
The question arises whether greater Nm rates for ST than WD translated into greater mineral N (NH 4 + NO 3 ) supply. Soil mineral Nm1 supply at the end of the shortterm incubation ranged from 55.6 to 166 mg kg −1 for ST, 34.6 to 59.7 mg kg −1 for WD, and 7.5 to 14.0 mg kg −1 for the CON. Soil mineral Nm2 supply at the end of the longterm incubation ranged from 65.7 to 168 mg kg −1 for ST, 35.7 to 60.0 mg kg −1 for WD, and 8.4 to 19.4 mg kg −1 for the CON treatment. In addition, the mineral N supply was generally significantly greater for ST than WD for most years. Therefore, significantly greater Nm rates for ST than WD did translate into significantly greater mineral N supply, and the majority of the mineral N pool was NO 3 .
The range in daily net Nm rates in our study (0.1 to 2.0 mg N kg −1 d −1 ) for 30-50 d incubations was slightly lower than the range (1.3-4.2 mg N kg
for an aerobic 41 d incubation in the laboratory after 9 yr (Miller et al. 2010) . The slightly greater Nm rates for the laboratory incubation study may have been caused by disturbance (e.g., sieving and mixing) of the soil sample, which has been shown to increase Nm (Hart et al. 1994) . Soil N mineralization may depend on the laboratory or field method used and whether net or gross Nm rates are measured; a detailed review of the different methods is reported by Hart et al. (1994) . Soil N mineralization studies were conducted on our plots after 1, 4, 6, and 9 yr of application using a 40 d aerobic incubation method (Miller et al. 2010) , after 8 yr using a long-term (44 wk) aerobic incubation method in the laboratory (Sharifi et al. 2014) , and then after 13-16 yr using our in situ soil core method in the field using 30-50 d incubations (this study). Two of the three N mineralization studies found significantly greater Nm rates or N supply for ST than WD. Both the long-term aerobic incubation method in the laboratory and in situ soil core method in the field detected more consistent However, they noted that gross Nn rates were similar to net rates because of no NO 3 assimilation or denitrification in their soil. We determined if initial NH 4 supply in the soil was limiting Nn rates by calculating the difference between NH 4 production (Nm) and consumption (Nn) using initial NH 4 concentrations, as well as Nm and Nn rates. The NH 4 balance calculation showed that the majority of NH 4 substrate was nitrified during the two incubation periods, suggesting that NH 4 supply was limiting. Therefore, the Nn rates measured in our study were limited by NH 4 supply and simply reflected this substrate supply and Nm rates, and did not reflect Nn rates when NH 4 is not limiting. Although the absolute Nn rates may have been underestimated because of limited NH 4 supply, the relative differences between treatments should still be valid.
Net Nn1 rates measured under limited NH 4 supply were greater (2-to 30-fold) in soils amended with ST compared with WD in 3 of 4 yr, and the same trend occurred for Nn2 (2-fold greater) but only for 2 of 4 yr. This finding suggested more rapid conversion of NH 4 to NO 3 for ST, particularly for the shorter incubation period, and was consistent with greater NO 3 -N in the soil for ST than WD. Because NH 4 is a more preferred N source than NO 3 in soil to minimize N losses by denitrification and leaching, greater Nn for ST than WD may increase these N losses and reduce the amount of NO 3 available for crop uptake. In contrast, WD bedding reduced Nn rates in soil, which may minimize N losses to the environment. Greater soil nitrification opens the N cycle for many terrestrial ecosystems towards increased N losses (Butterbach-Bahl and Gundersen 2011).
Mean Nm1:Nn1 and Nm2:Nn2 ratios ≤1 for the ST, WD, and CON treatments suggested rapid nitrification rates. In addition, there was no accumulation of NH 4 during the incubations, and the Nn rate was sufficiently high to ensure most NH 4 was nitrified. This was also consistent with the nitrification rate being controlled primarily by the supply of NH 4 generated by mineralization, and clearly showed the important linkage between nitrification and mineralization. Soil nitrification rates are relatively rapid and generally occur within days or weeks (Malhi and McGill 1982; International Plant Nutrition Institute 2013) . Shi et al. (2004) found that net Nm:Nn ratios were also ≤1 for their dairy waste amended and control treatments. Habteselassie et al. (2006) reported mean gross Nm:Nn ratios of 0.56 for a silt loam soil amended with dairy waste compost for 6 yr; however, ratios were >1 for liquid dairy waste (1.84) and inorganic fertilizer (1.72) treatments.
Although soil pH was generally significantly greater for , it is unlikely that soil pH influenced Nn. Nitrification rates in fertilized soils are generally not influenced by pH when values range between 5.5 and 8.0 (Kyveryga et al. 2004) . Soil water content also likely did not contribute to greater Nn rates for ST than WD because water content was greater for WD than ST. Soil nitrification generally increases with greater water content in aerated soils (Havlin et al. 1999) .
It is possible that leaching and denitrification within the in situ soil cores may have contributed to greater NO 3 losses and lower Nm and Nn values in our field study. Leaching of NO 3 may have been greater in WD than ST treatment because soil water content was higher for WD than ST. In addition, denitrification may have also been greater in the WD than ST treatment because water-filled pore space for WD approached 60%-70%, which is generally the approximate minimum required for soil denitrification (Nishio et al. 1988; Phillips 2008) .
Denitrification may have also occurred within anaerobic microsites inside the soil aggregates where soil O 2 levels are lower, and possibly caused underestimation of Nm and Nn. Denitrification "hot-spots" have been previously reported in soils and are mainly attributed to anaerobic microsites (Guenzi et al. 1978; Pennock et al. 1992; Mosier and Klemedtsson 1994) or microsites enriched in particulate organic carbon (Parkin 1987 ). In addition, some studies have reported simultaneous denitrification and nitrification in manured soils, where denitrification occurred in more anaerobic microsites and nitrification occurred in more aerobic microsites (Guenzi et al. 1978) .
In situ mineralization and nitrification methods were developed to quantify Nm and Nn in undisturbed soils under ambient or natural conditions. However, it is possible that containment of the soil in PVC cores may have altered the soil environment and influenced absolute values of Nm rates (Raison et al. 1987; Hanselman et al. 2004; Wienhold et al. 2009; Khanna and Raison 2012) and Nn rates (Drury et al. 2008) . Confinement may increase soil water content and cause gradients in soil water potential because of reduced evapotranspiration, soil temperature may be increased, and mineral N may be enhanced because of lack of plant uptake. Although the risk of leaching was reduced by using covered soil cores, some leaching may have occurred because of gradients in soil water potential or concentration gradients within the soil cores. Soil denitrification may have been enhanced inside the soil cores because of undisturbed soil and anaerobic microsites within soil aggregates, increased soil water, high organic matter levels, reduced aeration, and high NO 3 concentrations caused by rapid nitrification. Recently severed and fine plant roots may also continue to take up mineral N (Khanna and Raison 2012).
Despite the limitations of the in situ soil core method, artifacts due to differences in the soil microenvironment within the soil core are generally small relative to most treatment effects (Hart et al. 1994) . The latter authors also recommend the in situ soil core method for obtaining quantitative estimates of Nm and Nn in the field with the smallest amount of effort. The main advantage of the in situ soil core method is it measures Nm and Nn in the field under ambient conditions without causing substantial disruption of soil structure (Hart et al. 1994; Drury et al. 2008) . Finally, although the in situ method may over-or underestimate absolute rates of Nm and Nn, differences in relative differences in rates among treatments, as was measured in our study, should be consistent.
We compared the actual N uptake (kg ha −1 ) of the barley silage over the 4 yr (Table 1 ) with the N uptake (202 kg N ha −1 from soil and fertilizer N) required for optimum yield (6. 5 kg ha −1 ) of irrigated barley (seed and straw) in Alberta (Alberta Agriculture 1993) to determine if the amended soils were supplying adequate N for crop uptake via N mineralization and nitrification. The ST treatment supplied adequate N (92%-100%) for crop uptake, whereas WD (54%-88%) and the unamended CON (40%-60%) treatments supplied insufficient N for crop uptake. This also suggested that the ST treatment was not supplying excess N, and confirmed that WD was supplying significantly lower N for crop uptake than ST. Significantly greater Nm for ST than WD in all four study years was consistent with significantly greater dry matter yields in 2 (2012, 2013) of 4 yr. This suggested that greater N supply to the crop from N mineralization and nitrification may have contributed to higher yields in these 2 yr. However, other factors may have contributed to greater yields. In contrast, yields were similar for ST and WD in the other 2 yr (2011, 2014) , indicating that greater N supply did not translate into higher yields, and perhaps other factors were more limiting. For example, greater mineral N (NH 4 -N + NO 3 -N) content of the amendments may have affected soil available N and subsequent crop yields. The greater mineral N content of ST than WD amendment (Miller et al. 2009 ) was consistent with significantly greater mineral N in the soil with ST than WD. Therefore, it is possible that the greater mineral N of ST amendment may have contributed to higher yields for ST than WD in certain years.
Dry matter yields and crop N uptake were generally significant greater for amended than unamended soils, particularly for ST. This suggested that significant treatment effects occurred on this soil type, despite N uptake up to 121 kg N ha −1 for the unamended CON. The recommended N uptake of 202 kg N ha −1 for optimum barley growth also suggested that the unamended soil could not supply the required N from the soil, and that supplemental N from organic amendments or inorganic fertilizer would be required.
Conclusions
Surface soil amended with stockpiled feedlot manure for 13-16 yr generally supplied adequate (but not excessive) N for crop growth of irrigated barley silage with ST bedding by soil mineralization and nitrification (under soil conditions of limited NH 4 supply), and supplemental inorganic N fertilizer is likely not required. In contrast, manure with WD bedding reduced soil N mineralization by 2-to 10-fold and soil nitrification by 2-to 30-fold compared with ST. Wood-chips generally may not have supplied sufficient N for optimum crop growth, and supplemental inorganic N fertilizer is likely required. Ratios of soil mineralization to nitrification rates ≤1 indicated rapid nitrification and that the nitrification process was dependent on the limited supply of NH 4 generated by N mineralization, and also showed the close linkage between nitrification and N mineralization. Although rapid nitrification rates may increase supply of NO 3 to the crop, N losses by leaching and denitrification may also be enhanced. Further research is required to determine soil mineralization and nitrification after annual manure applications are terminated (i.e., residual or legacy effects). In addition, the influence of land application of manure with a mixture of ST and WD bedding, and manure with wood-chips plus supplemental inorganic N fertilizer, on soil N processes needs to be determined. Finally, future research could measure potential soil nitrification rates in these treatments where the NH 4 supply is not limiting.
